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We present a magnetic tunnel junction (MTJ) where its two ferromagnetic layers are in the form of a single ellipse (SE)
and two-crossing ellipses (TCE). The MTJ exhibits four distinct resistance states corresponding to the four remanent
states of the TCE structure. Flowing current in an underlying Ta layer generates in the adjacent TCE structure spin-
orbit torques which induce field-free switching of the four-state MTJ between all its resistance states. The demonstrated
four-state MTJ is an important step towards fabricating multi-level MTJs with numerous resistance states which could
be important in various spintronics applications, such as multi-level magnetic random access or neuromorphicmemory.
Magnetic tunnel junctions (MTJs) are devices consisting
of two ferromagnetic (FM) layers separated by a thin insu-
lating layer. Commonly, the two FM layers exhibit uniaxial
magnetic anisotropy and the MTJ displays two distinguish-
able states, with the FM layers being oriented either parallel
or antiparallel. The two discrete magnetic states of the MTJ
correspond to two resistance states which are the basis for a
two-state memory bit used, for instance, in magnetic random
access memory (MRAM).
While two-state memory bits are ubiquitous, there are in-
creasing efforts to fabricate multi-level memory bits which
can store more than two states in different memory tech-
nologies including FLASH1,2, phase change3,4 and resistive
memory5,6. These efforts are driven by the demand for denser
memory needed to cope with the accelerated rate at which we
generate new data and the realization that increasing the den-
sity by decreasing the memory bit size is approaching intrinsic
barriers such as superparamagnetism in the case of MRAM7–9
or tunneling of charge carriers in the case of FLASH.
Multi-level memory bits are attractive not only for increas-
ing memory density but also because they can be used for
novel types of memory including memristors10,11 and for be-
ing used for neuromorphic computing12,13. Notably, memory
cells having merely 14-20 states were shown to be sufficient
for pattern classification tasks, such as recognition of hand-
written digits14.
Irrespective of the potential application of a multi-level
MTJ, it is important that the method used for switching be-
tween the MTJ states is scalable and non-detrimental. These
two requirements are met when the switching is achieved by
spin-orbit torques (SOTs) which are generated by spin cur-
rents injected into a FM layer due to conversion of charge cur-
rent into spin current in an adjacent heavy metal layer15–25.
Here we present the realization of a four-state MTJ cell
fabricated by using FM layers in the form of a single ellipse
(SE) and two crossing ellipses (TCE) as top and bottom lay-
ers, respectively. The top layer exhibits uniaxial magnetic
anisotropy and it acts as a pinned layer with unchanging mag-
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netization orientation, whereas the bottom layer exhibits ef-
fective bi-axial magnetic anisotropy in the crossing area of
the ellipse and it acts as a free layer which can switch be-
tween four remanent states. Consequently, the MTJ has four
remanent magnetic configurations which give rise to four re-
sistance states. The MTJ is on top of a Ta cross which allows
its switching by SOTs induced by flowing current in the under-
laying Ta layer. As the method presented here for increasing
the number of resistance states of a MTJ can be extrapolated
for achieving a much larger number of resistance states, the
demonstrated four-states MTJ which is switchable with SOTs
is an important step towards realization of multi-levelMRAM.
In addition, multi-level MTJs may be important in other appli-
cations such as neural computation.
Our devices are fabricated using heterostructures of
β -Ta(10)/Ni0.8Fe0.2(2)/Al2O3(1.2)/Ni0.8Fe0.2(4)/Ta(5), where
the numbers in parenthesis are in nanometer. The layers are
deposited on thermally oxidized Si substrate using a N3000
ion-beam sputtering deposition system (the details of the de-
position is described in Ref.26,27). In particular, the AlOX tun-
nel barriers were prepared by a two-step deposition/oxidation
process. First, Al(0.7 nm) is deposited and oxidized by remote
plasma for 15 sec (mixture of 20 sccm oxygen and 4 sccm ar-
gon), followed by a repetition of Al(0.5 nm) deposition and
15 sec oxidation28.
The bottom β -Ta layer is patterned in the form of a cross,
with a crossing area of 6×6 µm2 by laser lithography fol-
lowed by Ar-ion milling. At the crossing area, the bottom
NiFe layer is patterned by electron beam lithography and Ar-
ion milling in the form of TCE, with the principal axes of 1
and 8 µm long. A nominal resist thickness of 500 nm was
used, with optimized energy and development time, to mini-
mize backscattering effects at the crossing area, while ensur-
ing well defined ellipses tips29. The bottom β -Ta layer is then
passivated first with Al2O3(9 nm) using RF sputtering. Lift-
off is performed to access the TCE. Then, a second e-beam
lithography followed by a two-angle Ar-ion milling29, is used
to define the Al2O3 junction and top NiFe layers into a SE of
dimension 150 nm×900 nm in the overlap area of the TCE.
The long axis of the SE makes an angle of 22.5◦ with one
of the principal axes of the TCE (Fig. 1). The final passi-
vation is performed with Al2O3(50 nm) and lift-off to open
top via to the nanopillar. Top electrode is defined by laser
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FIG. 1. (a) Schematic of the MTJ, including (top left panel) the mask layout with the bottom electrode (BE) of β -Ta patterned into a crossed
shape and the top electrode (TE), (center panel) the cross sectional view of the full MTJ stack and (bottom panel) the relative orientations of
the TCE and the SE defined at 22.5◦. (b) Top-view optical image of the overall device, showing in the middle the TE over the TCE and SE. (c)
SEM image of the MTJ area where the top SE is fabricated at the overlap area of the bottom TCE.
lithography and lift off of ion-beam deposited Ru(40 nm) and
sputtered Al98.5Si1Cu0.5(300)/Ti10W90(N2) (thickness in nm).
The schematics and the scanning electron microscopy (SEM)
images are shown in Fig. 1. All the measurements are done at
room temperature using a home-made system consisting of a
Helmholtz coil and a sample rotator with resolution of 0.03o.
As shown in previous works, a SE structure exhibits uni-
axial magnetic anisotropy with the easy axis along the long
axis of the ellipse23,30, whereas TCE exhibit bi-axial magnetic
anisotropy with the easy axes in between the long axes of the
ellipses24,31. As in our experiments we want the magnetiza-
tion of the SE to remain fixed, it is designed so that its mini-
mum switching field (> 100 Oe)30 would be much larger than
the minimum switching field of the TCE (∼ 5 Oe)
Fig. 2 presents magnetic characterization of our device per-
formed by measuring planar Hall resistance (RPHE) and the
MTJ resistance (RMTJ). RPHE is measured by driving a cur-
rent of 100 µA along one of the arms of the Ta cross and
measuring the voltage across the other Ta arm. RMTJ is mea-
sured with a current of 5 µA through the MTJ (see Fig 1). Fig.
2(a) and (b) show RPHE and RMTJ measured after a field of 7
Oe is applied and removed at different angles α between cur-
rent and field direction. The chosen field is sufficient to switch
the TCE between its four remanent states but too small to flip
the remanent magnetization of the SE. We note four different
values for RMTJ and two different values for RPHE. RMTJ de-
pends on the relative orientation of the magnetization of the
FM layers and is given by32;
RMTJ(β ) = RAV−
1
2
∆R cos β (1)
where β is the angle between the magnetization direction of
the two layers, RAV = (RP + RAP)/2, RP and RAP are the resis-
tance of the MTJ when the magnetization of the two layers is
in parallel and anti-parallel states, respectively, and ∆R = RAP
- RP. The four states of RMTJ follow the above mentioned
Eq. 1. The exact switching positions between the remanent
states in both Fig. 2(a) and (b) strongly indicate that the four
RMTJ values correspond to the four states of the TCE. RPHE
shows two resistance states due to the symmetry of RPHE un-
der magnetization inversion. To obtain maximum separation
between the states, the SE long axis is rotated 22.50 from the
principal axis of the TCE (see Fig. 1(c)). The lack of precise
equidistance between RMTJ values can be explained by slight
misalignment during fabrication.
We now turn to explore switchings between the four resis-
tance states of the MTJ. Fig. 3(a) and (b) show switchings be-
tween different remanent states by external applied fields. For
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FIG. 2. (a) and (b) RPHE and RMTJ, respectively, as a function of
the angle α at which a field of 7 Oe is applied and removed. The
presented data are taken at zero field for each field direction. The
illustrations show the direction of magnetization of top SE structure
(blue arrow), the bottom TCE structure (black arrow).
every field value, the measurement is performed after switch-
ing off the field. Fig. 3(c) shows reversible switchings be-
tween two states by flowing current in the underlying hori-
zontal Ta-strip in the absence of any external field. The cur-
rent in the Ta-strip affects only the TCE structure, keeping the
magnetization of the SE unaffected. The measurements are
performed by flowing pulses of various amplitudes through
the Ta-strip and after each pulse we measure RMTJ with a
current of 5 µA, which does not affect the magnetization in
both structures. Flowing current in the vertical strip, yields
reversible switchings between the two other remanent states
(Fig. 3(d)). Considering current shunting between the Ta-strip
and the TCE, switching current value (ISW) of 10 mA corre-
sponds to current density of∼ 1.5×107 A/cm2 in the Ta layer.
The reproducibility of the switchings between the states is
demonstrated by flowing 50 pulses of 12 mA in alternating di-
rections in the horizontal Ta-strip (see Fig. 3(e)). In previous
reports,23,24 we showed using harmonic Hall measurements
and micro-magnetic simulations that in such heterostructures
anti-damping torque plays a dominant role in switching. Here
also in all the switching geometries, the direction of Oersted
field generated by the flowing current in the Ta-strip can not
explain the switching, which confirms the SOTs as being vital
for the switchings.
The method presented here for achieving four resistance
states per MTJ can be extrapolated to achieve a much larger
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FIG. 3. (a) and (b) show field-induced switching between different
remanent states. (c) and (d) Field-free SOT-induced switching be-
tween two remanent states of MTJ by flowing current in horizontal
and vertical Ta-strips, respectively. (e) Successive switchings be-
tween two states, shown in (a), by flowing 50 pulses of amplitude
12 mA in opposite directions in the horizontal Ta-strip. The illustra-
tions show the direction of magnetization of top SE structure (blue
arrow) and the bottom TCE structure (black arrow) and the direction
of current.
4number of resistance states. As shown recently, a struc-
ture consisting of N crossing ellipses may support up to 22N
states25; therefore, using in a MTJ relatively simple structures
of up to N=5 would increase the number of resistance states
quite considerably. We note that structures of up to N=5 were
previously studied and that simulations indicate 70 resistance
states of a MTJ consisting of layers of N=4 and N=5 crossing
ellipses structures while considering only a small subset of
accessible remanent states24. To distinguish between the dif-
ferent resistance states, particularly when their number is sig-
nificantly increased, it would be important to use MTJs with
higher magnetoresistance. This may be achieved by using a
different insulating layer (e.g. MgO) and/or different FM lay-
ers (e.g. CoFeB).
In summary, we present a MTJ that supports four remanent
states which correspond to four discrete resistance values.
Furthermore, we demonstrate that the MTJ can be switched
repeatedly between its four states using field-free spin-orbit
torques induced by flowing current in an underlying Ta layer.
An efficiently switchable multi-level MTJ is attractive for
high-density multi-level MRAM and other intriguing appli-
cations such as magnetic memristors11,13 and magnetic neu-
romorphic computing13,14.
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